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Introduction
An interesting feature of binary or multi−component liquid crystal mixtures is the formation of relatively more ordered phase, called the induced smectic phase, from components which show only nematic phase in their pure states [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . It is now well established that in binary mixtures induced phases occur with one component having strong terminal polar group and another component with weak or non−polar groups with a few exceptions [4, 9, 13] . The occurrence of induced smectic phase is of considerable importance from theoretical point of view. Moreover, in commercial LCD devices, multi−component mixtures are used to optimize the relevant physical parameters. Electro−optic parameters of LCDs such as threshold voltage, response time, contrast ra− tio and multiplexing capabilities are strongly dependent on the anisotropic behaviour in the optical, electrical, magnetic and elastic properties of liquid crystals. Materials, in addi− tion, must have low melting and high clearing points as well as high stability. No single component can satisfy all these requirements and hence multi−component mixtures are used in commercial displays. Keeping these in view, three mix− ture systems with 4−pentyloxy−4'−cyanobiphenyl (5OCB) as guest and 4,4'−dialkoxyazoxybenzene (nOAB, n = 5,6,7) as hosts have been studied using different techniques. Detailed phase diagrams as revealed by optical microscopy and DSC studies as well as results of elastic X−ray scattering measure− ments and dielectric response of the mixtures subject to a static electric field have already been published [13, 14] . The apparent molecular length 'l' in N phase and the smec− tic layer spacing 'd' were measured as a function of temper− ature and concentration of the guest molecules using X−ray diffraction technique [13] . It was observed that in all the three binary systems, at higher concentrations 5OCB mole− cules exist as dimmer A d type whereas at lower concentra− tions they are mostly A 1 type as if SmA d phase evolves from SmA 1 phase. This is in conformity with the observed anti− parallel associations of the molecules revealed by dielectric measurements [14] . Moreover, it was shown by Dąbrowski et al. [15] , by quasi−elastic neutron scattering studies, that though in pure 5CB dimerization occurs, causing steric hin− drance to reorientation, in an equimolar binary mixture of 4−pentyl−4'−cyanobiphenyl and 4−ethyl−4'−propylazoxyben− zene (5CB+EPAB), the 5CB dimers are destroyed and complexation of 5CB and EPAB molecules takes place when the steric hindrance to reorientation of the dipoles is no longer present. Formation of this type of heterodimers af− ter destruction of homodimers has also been reported elsewhere [16] [17] [18] . In this paper we present the results of density and refractive index studies and that of the elastic constant measurements as a function of temperature and concentration of the guest molecules.
Experimental
Three mixture systems A:(5OCB+5OAB) in seven different concentrations (A1−7), B:(5OCB+6OAB) in five concentra− tions (B1−5) and C:(5OCB+7OAB) for six different concen− trations (C1−6) have been studied. Smectic A phase was in− duced in all the mixtures except in mixture A1 where the molar concentration of 5OCB (x 5OCB ) is 0.15. Phase dia− gram of the three mixture systems is reproduced [13] in Fig. 1 to facilitate discussions on the observed physical properties. The ordinary and extra−ordinary refractive indi− ces (n o and n e ) were measured by thin prism technique. The wavelength of the light used is 5461 . Prisms of refractive angles less than 1°were used. Details of preparation of the prism and measurement of the refractive indices have been reported before [18] . Densities of the mixtures were mea− sured by using a dilatometer of glass capillary type [18] . The ratio of bend to splay elastic constants K 33 /K 11 of the mixtures A1, A2, and A7 were determined by Freedericksz transition method [19, 20] .
Results and discussion

Refractive indices
Temperature variations of ordinary, extra−ordinary, and ave− rage refractive indices (n o , n e , and n ) for A mixtures are shown in Fig. 2 . Birefringence of the pure components 5OCB [21] [22] [23] and nOAB (n = 5,6,7) has been studied by several authors [24] [25] [26] [27] [28] [29] [30] [31] . It is reported that the extraordinary refractive index in the host 5OAB is more than in the guest 5OCB molecules (range 1.908-1.794 in 5OAB, 1.752--1.677 in 5OCB) while it is opposite in case of ordinary refractive index (1.522-1.534 in 5OAB, 1.538-1.561 in 5OCB) [21, 24, 29] . All the refractive indices are found to lie more or less in between the values of pure compounds, decrease with concentration till x 5OCB = 0.5, then increase and again decrease with concentration of 5OCB. Thus, the behaviour is strongly non−additive as observed in similar systems [32, 33] .
In all the mixtures, the extraordinary refractive index de− creases with temperature while the ordinary refractive index shows opposite behaviour. Further, temperature variation of n o and n e is less in the induced SmA phase than in N phase. The average refractive index remains almost constant with temperature but a discontinuity is observed at SmA−I and N−I transition points.
Variation of the optical birefringence Dn with tempera− ture for different concentrations in the mixture A is shown in Fig. 3 . Dn values in all the mixtures lie in between the values of pure compounds. It is further observed that Dn decreases with increasing concentration of 5OCB initially quite fast, from the equimolar concentration the decrement is very slow and then again decreases quite fast only exception being the mixture A6. As expected, the mixtures A1 and A7 have va− lues very near to the respective pure components. Thus, be− haviour of Dn is also non−additive. It is also clear from the above figure that at the temperatures near T m , the birefrin− gence values decrease slowly with T, then the decrement rate increases and it is very fast as the T NI or T AI transition point is approached. For mixtures having only SmA phase, the decre− ament rate is very slow over a considerable temperature range from T m . In the mixture A3, from where the nematic phase of the parent compounds is completely suppressed, Dn values are found to crossover the values in A2. In no other mixtures this type of crossover takes place. This may be due to the fact that induced smectic phase is most stable in this composition.
Temperature variations of n o , n e , and n for the mixtures B and C are similar to that in the mixture A. In these mixtures too, refractive indices are observed to be less in the induced SmA phase than in nematic phase as it was observed in the mixtures A. The temperature variations of optical birefrin− gence for the mixtures B and C are also found to be similar to that in the mixtures A. However, if we consider concentration dependence of Dn at a common temperature 75°C, we note that in all the mixtures Dn decreases non−additively with in− creasing concentration of 5OCB as shown in Fig. 4 . More− over, it is also observed that the extent of variation of Dn de− creases as one moves from the mixtures A to C, in other words as the chain length of the host molecules is increased.
Density studies
It is found from literature that at T -T NI = -3°C the density of 5OCB is 1.039 gcm -3 [21] , whereas it is 1.009, 0.986, and 0.976 gcm -3 in 5OAB, 6OAB, and 7OAB, respectively [24, 29] . In all cases, the density decreases monotonically with T and no odd even effect was observed like in three other series 4−alkyl−4'−cyanobiphenyl (nCB), 4−(trans−4'− n−alkylcyclohexyl)isothiocyanato benzene (nCHBT) and 4−n−alkyl−4'−cyanophenyl cyclohexane( nPCH) [34] . As ex− pected, densities in the induced SmA phase are found to be more than in N phase and densities in all the mixtures are found to decrease monotonically with temperature. In the system C, all mixtures have densities in between those of pure components, however, the mixtures A and B show some deviation from this. If the densities are fitted linearly with temperatures by least squares method, one gets, as the fitted coefficients r 0 = 1.04, 1.08, 0.98 gcm -3 , r 1 = -5. Pure component values from [21, 24, 29] . T K =T AI OR T NI .
Molecular polarizabilities and orientational order parameters
Using the values of refractive indices and densities, the prin− cipal molecular polarizabilities (a o and a e ), parallel and per− pendicular to the molecular axis, were calculated following the procedure of Neaugebauer [35] and Vuks [36] . Since the calculated values obtained from the two methods do not dif− fer much, values obtained from Neugebauer's method have been used. Nature of temperature variation of polarizability anisotropy (Da = a e -a o ) of all the mixtures A, B, and C is similar to that observed in case of Dn. This is shown in Fig. 5 only for A mixtures. In SmA phase, Da values remain almost constant over a considerable temperature range from T m , specially in the mixtures having maximum thermal stability of the induced SmA phase. Effect of Da on the temperature dependence of De has been discussed before [34] . Usually, Da increases with a chain length in case of pure compounds although in some cases it was found to be almost constant [25, 34] 3 for n = 5, 6, and 7, respectively, showing a decrease in Da with a chain length [24, 29] . In the mixtures, the same trend is reflected. Mitra et al. observed that Da in 5OCB varies from (6.77 to 12.21)×10 -24 3 [21] . In all the mixtures, Da are found to decrease non−additively with increasing concentration of 5OCB, which is evident from the concentration depend− ence graph of Da at a common temperature 75°C, shown in Fig. 6 . Extent of molecular ordering in a liquid crystalline phase is usually qualified by orientational order parameters (OOPs). The orientational order parameter <P 2 >, (also often denoted by S) was calculated using the relation <P 2 > = (a ea o )/(a a || -^). Using Haller's extrapolation method [37] , polarizability anisotropy (a a || -^) in the crystalline state was calculated, as crystal data were not available. The tem− perature variations of <P 2 > are shown in Figs. 7-9. It may be said qualitatively that OOPs are more in smectic A phase than in N phase and temperature variation of OOPs is less in smectic A phase than in N phase. Moreover, in the middle of the phase diagram, <P 2 > values in the smectic A phase are larger. This is due to the fact that the thermal stability of the injected smectic A phase is more in this region. Similar be− haviour [38] was reported in a binary mixture of 4−pentyl−4' −cyanobiphenyl and 4−pentylphenyl−4'−hexyloxybenzoate.
Observed orientational order parameter values were tried to fit with McMillan's theory [39] Table 1 . Sarkar [41] observed an excellent agreement in SmA−N transition temperature (not induced SmA phase) but about 6°deviation in N−I transition in two pure compounds and in their equimolar mixture for d =~0.18 and a =~0.67. Paul et al. [42] observed in a mixture that for d = 0.05 and a = 0.73 both the T AN and T NI can be reproduced along with a reason− able fit to the experimental order parameters in SmA and N phase. However, in other reported systems agreement is not that good [38, 43, 44] . From McMillan's theory, the transla− tional order parameters (TOPs) were also calculated. These values are found to be quite high, for example in the mix− tures A, B, and C at x 5OCB = 0.25 the TOPs are 0.65, 0.79, and 0.79, respectively, at low temperature region which im− ply quite strong inter−layer correlations in the induced SmA phase though no second order meridional reflections were observed in the X−ray diffraction photographs in any of the mixtures [13] .
Concentration variation of <P 2 > of the mixtures A, B, and C at 75°C is shown in Fig. 10 . In the mixtures A and B, the OOPs remain almost constant over a considerable range of concentrations around the equimolar value but in C its behaviour is altogether different. However, the observed be− haviour is non−additive in all cases.
According to Maier and Meier theory [45] , the dielectric anisotropy De is proportional to the order parameter and since in the optical frequency region De = n e 2 -n o 2 , so it can be shown that n e 2 -n o 2 should be proportional to N<P 2 > where N is the number density [46] . It is observed from Fig. 11 that the equimolar mixtures A and B show perfect linear dependence but for the mixture C the dependence is not that perfect.
Elastic constants
The ratio of bend to splay elastic constants K 33 /K 11 of the nematic mixtures (A1, A2, and A7) have been determined by Freedericksz transition method [47] using the following expression
where i = 1, 2, and 3 refers to splay, twist and bend deforma− tions, respectively, Dc is the diamagnetic susceptibility ani− sotropy, (H c ) i is the respective threshold magnetic field, and d is the cell thickness.
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The temperature dependence of K 33 /K 11 for three con− centrations has been shown in Fig. 12 . Since magnetic sus− ceptibility anisotropy data on these mixtures are not avail− able, individual values of the splay and bend elastic con− stants could not be determined. It was not also possible to determine the twist elastic constant K 22 in our experimental arrangement since the state of polarization of the transmit− ted light was indistinguishable from that of the emerging beam from the untwisted nematic phase.
It can be seen from Fig. 12 that in the N phase, the ratio K 33 /K 11 increases quite fast as the temperature is reduced from T NI , the rate of increment becomes very low on further reduction of temperature if no SmA phase is present in the mixture A1. On the other hand, in mixtures having both N and SmA phases, the ratio increases with decreasing tem− perature and eventually tends to diverge as the temperature T AN is approached. This divergence may be due to the for− mation of smectic clusters as pre−transitional effect [48] . Similar results were obtained by Madhusudana and Pratibha [49] in 8CB and 8OCB, by Bradshaw and Raynes [50] and by Adhikari and Paul [51] biphenyls (exact mixture formulation is not clear) was stud− ied by Grebyonkin et al. [52] and found that the K 33 /K 11 value decreases (opposite to our observation) with reducing temperature in N phase, but it increases when a smectic phase is approached as it has been observed by us. It was reported that the ratio K 33 /K 11 of the compound 5CB is~1.5 and gradually decreases with the increasing chain length [53, 54] . The values of 5OCB varies from 1.15 to 1.3 [55] and that of 5OAB from 1.11 to 1.33 [56] . These values are also shown in Fig. 13 . Observed ratios in the mix− tures A1 and A2 are much higher than those of pure compo− nents, being 1.35 to 1.77 in A1 and 1.72 to 1.76 in A2. How− ever, in A7, the value of K 33 /K 11 varies from 1.25 to 1.41 but still more than the pure component values. It is also noted that as the concentration of 5OCB is increased, the ra− tio first increases and then decreases showing again non− −additive behaviour.
Conclusions
Eighteen binary mixtures of 4−pentyloxy−4'−cyanobiphenyl (5OCB) and 4, 4'−di(alkoxy)azoxybenzenes (nOAB) with n = 5, 6, and 7 at different concentrations have been studied in de− tail. Over a wide concentration range, the induced SmA phase was observed in all the mixtures except in one. In most mix− tures, the refractive indices n o , n e , and Dn are found to lie more or less in between the pure components values. Temperature variation of n o and n e are found to be less in the induced SmA phase than in N phase. The average refractive index n remains constant with temperature with discontinuity at SmA−I and N−I transition temperatures. Refractive indices show non−additive behaviour in all mixtures. The extent of variation of Dn de− creases as the chain length of the host molecules is increased. Densities in the induced SmA phase are found to be more than in N phase. The polarisability anisotropy Da of the mixtures varies systematically but non−additively with increasing con− centration of guest 5OCB. The orientational order parameter <P 2 > calculated from the polarisability values are found to be more in the induced SmA phase than in N phase. The tempe− rature variation of <P 2 > in the induced SmA phase is less than in N phase. This also shows non−additive behaviour with con− centration of the guest molecules. The observed <P 2 > values were compared with values obtained from McMillan's and Maier−Saupe's theory. Good agreement is found in the mix− tures A and B, however, in the mixture C, the agreement is poor. The transition temperatures obtained by fitting <P 2 > data to McMillan's theory agree with the observed values within a few degrees. The ratio of bend to splay elastic constants was found to increase and eventually diverge as T NA transition point is approached. In all the nematic mixtures, the observed ratio is found to be more than the pure component values.
